Thermodynamic assessment of the Mg-Pb and Mg-Bi systems using substitutional solution and associate models for the liquid phase by Zhang F. et al.
THERMODYNAMIC ASSESSMENT OF THE Mg-Pb and Mg-Bi SYSTEMS 
USING  SUBSTITUTIONAL SOLUTION AND ASSOCIATE MODELS 
FOR THE LIQUID PHASE
F. Zhanga, Y. Tanga, B. Hua, S. Liua,*, Y. Dua, Y. Zhangb
a State Key Laboratory of Powder Metallurgy, Central South University, Changsha, PR China
b PhosphorTech Inc 3645 Kennesaw N Industrial Par Kennesaw, GA, United States
(Received 24 August 2013; accepted 15 April 2014)
Abstract
By means of CALPHAD approach, thermodynamic assessments of the Mg-Pb and Mg-Bi systems were carried out based
on the available experimental data including thermodynamic properties and phase equilibrium data. The liquid phase was
described  with  both  the  substitutional  solution  model  and  the  associate  model,  and  two  sets  of  self-consistent
thermodynamic parameters for the Mg-Pb and Mg-Bi systems were obtained, respectively. It was found that the associate
model can account for the experimental data more satisfactorily than the substitutional solution one, especially for the
liquid phase with the short-range order behavior.
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1. Introduction
Mg-based  alloys  have  attracted  world-wide
attention due to their low density, good machinability,
excellent  specific  strength,  and  high  recycling
potential [1]. The Mg alloys with Pb or Bi addition
can  increase  the  creep-resistant  [2]  and  tensile
strength [3]. These alloys have been widely used in
electronic  consumer  products  and  transportation
industry due to the increasingly urgent demand for
weight reduction during the past decades. In order to
predict  the  phase  type,  phase  fraction  or  reaction
during  the  materials  preparation  process  for
development  and  design  of  Mg-based  alloys
containing  Pb  and  Bi,  the  information  of  phase
equilibria and thermodynamics of Mg-Pb and Mg-Bi
binary  systems  will  be  very  useful.  Besides,  an
accurate  thermodynamic  description  of  the  Mg-Pb
and Mg-Bi system is necessary in order to provide a
reliable basis for thermodynamic extrapolations and
calculations  in  related  ternary  and  higher  order
systems.
Several groups [4-9] reported that the liquid of the
Mg-Pb and Mg-Bi systems show the short-range order
behavior. Due to the anomalies of the thermodynamic
properties, it is difficult to describe the liquid phase by
using the regular model. Therefore, several groups of
authors [9-13] described the liquid phase of these two
systems  using  the  associate  model  [14,  15],  the
modified  quasichemical  model  [16]  and  two-
sublattice  model.  However,  there  still  exist  some
problems for the present thermodynamic modeling of
the Mg-Pb and Mg-Bi systems. Firstly, the calculated
phase diagram of the Mg-Bi system from previous
parameters [10, 12, 13] show a large deviation from
the experimental data in the composition range from
40 to 60 at.% Bi. Secondly, it is not reasonable to use
the polynomial a+bT+cTlnT by Chang-seok et al. [10]
and  Niu  et  al.  [13]  when  there  is  no  sufficient
experimental  data  to  describe  the  Gibbs  energy  of
compound phase (ʱ-Mg3Bi2 and β-Mg3Bi2). Besides,
the thermodynamic parameters from the latest version
of the two systems in the literature [11, 12] cannot be
directly  utilized  in  our  multi-component  Mg  alloy
thermodynamic  database  [17]  due  to  the  model
incompatibility.  Therefore,  thermodynamic
reassessments of these two systems are necessary.
The present work is devoted to performing a full
thermodynamic modeling of the Mg-Bi and Mg-Pb
systems by using both substitutional solution model
and the associate model to describe the liquid phase
via CALPHAD approach.
2. Literature review
The available literature data of the Mg-Bi and Mg-
Pb  systems,  including  phase  diagram  and
thermochemical  properties  data,  were  critically
reviewed  in  the  present  work  and  summarized  in
Table 1.
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2.1 The Mg-Pb system
The  experimental  phase  diagram  and
thermodynamic  data  of  the  Mg-Pb  system  in  the
literature have been evaluated by Nayeb-Hashemi and
Clark [18]. After that, only a few experimental data
[19]  have  been  reported.  By  means  of  thermal
analysis (TA) and differential thermal analysis (DTA),
the liquidus of the Mg-Pb system were determined by
several  groups  [20-27].  However,  the  experimental
data around 50~60 at.% Pb from Grube [20] showed a
large deviation compared with the experimental data
from the two groups [25, 26]. Hence the data from
Grube [20] were not used in the present assessment. 
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Table 1.Summary of the experimental phase diagram and thermodynamic data in the Mg-Pb and Mg–Bi systems.
Systems  Type of experimental data  Experimental
technique  Quoted mode a Reference 
Mg-Pb 
Liquidus from 0 to 100 at. % Pb TA □[ 20]
Liquidus from 0 to 82 at. % Pb TA ■[ 21]
Liquidus and solidus from 0 to 20 at. % Pb, solid
solubility Pb in (Mg)
TA , MA
Resistivity ■[ 22]
Liquidus and solidus from 0 to 20 at. % Pb, solid
solubility Pb in (Mg) TA, MA ■[ 23]
Liquidus from 80 to 100 at. % Pb  TA ■[ 24]
Liquidus from 0 to 100 at. % Pb, solid solubility Pb
in (Mg) and solid solubility Mg in (Pb) DTA ■[ 25]
Liquidus from 20 to 100 at. % Pb DTA ■ [26]
Liquidus and solidus from 80 to 100 at. % Pb DTA ■[ 27]
Solid solubility Pb in (Mg) X-ray ■[ 28]
Solid solubility Mg in (Pb) HM ■[ 29]
Enthalpy of mixing and activity of liquid
CA ■[ 33]
ISP ■[ 32]
Enthalpy of mixing of liquid EMF +[ 30, 31]
Activity of Mg in liquid EMF ■[ 30, 31, 34-36]
Enthalpy increments of Mg2Pb
EMF ■ [37]
CA ■[ 19, 33]
Enthalpy of formation for Mg2Pb
—■ [ 38]
CA ■[ 33, 39, 40]
—■ [ 25]
Mg-Bi
Liquidus from 0 to 82 at. % Bi TA ■[ 41]
Liquidus from 0 to 100 at. % Bi TA ■[ 42]
Liquidus from 30 to 45 at. % Bi TA ■[ 43]
Solidus in Mg-rich region
TA ■ [42]
RC ■[ 44]
Solid solubility Bi in (Mg)
RES ■[ 41, 44]
X-ray ■[ 28]
Gibbs energy of mixing and activity of Mg VP ■[ 45, 50]
Activity of Mg in liquid EMF ■ [45, 46, 48, 50]
Partial Gibbs energy of Mg EMF ■ [46, 47, 49, 50]
Enthalpy of formation for Mg3Bi2
CA ■[ 38, 51]
EMF ■[ 49]
—■ [52, 53]
TA, thermal analysis; DTA, differential thermal analysis; MA, metallographic analysis; HM, hardness measurements; CA, calorimetry
analysis; ISP, isopiestic technique; EMF, electromotive force; RC, Resistivity and conductivity; RES, resistometry; VP, vapor pressure
a Indicates whether the data are used or not used in the parameter optimization: ■ used; □ not used but estimated to be reliable data for
checking the modeling; + not used.Vossk￼hler [22] and Raynor [23] determined the
solidus  of  (Mg)  by  resistivity  method  and
metallographic  analysis.  Graham  et  al.  [27]
determined  the  solidus  of  (Pb)  by  TA.  Using
metallography, X-ray diffraction (XRD) analysis and
TA  technique,  the  solubilities  of  Pb  in  (Mg)  were
determined by several groups [22, 23, 25, 28]. The
solubilities  of  Mg  in  (Pb)  were  determined  by
Kurnakow et al. [29] and Dobovisek and Paulin [25].
These data showed a good agreement, and thus were
included in the present optimization.
The enthalpy of mixing for liquid between 822K
and 1223K were measured by several groups [30-33]
using the mixing calorimetry technique, the isopiestic
technique  or  electromotive  force  (emf)  technique.
However, the results from Lantratov [30] and Sryvalin
et al. [31] indicated a large deviation from the data of
Eldridge  et  al.  [32]  and  Sommer  et  al.  [33].
Consequently, these data [30, 31] were not used in the
present optimization. The mixing enthalpies of liquid
phase from Sommer et al. [33] indicates a temperature
dependence,  which  manifested  the  existence  of  the
short-range order behavior in the liquid phase. The
activities of Mg in the liquid phase were measured by
means of isopiestic technique [32] and emf technique
[30, 31, 34-36]. These reported data agreed well with
each  other  and  were  all  considered  in  the  present
optimization. 
The  enthalpy  increments  of  Mg2Pb  in  the
temperature range from 300 to 1400 K were measured
by Cacciamani et al. [19], Sommer et al. [33] and
Knappwost  [37].  The  enthalpy  of  formation  for
Mg2Pb was measured by several groups [25, 33, 38-
40]. These data were all included in this optimization.
2.2 The Mg-Bi system
Grube  et  al.  [41,  42]  are  the  pioneers  for  the
experimental  investigation  on  the  Mg-Bi  phase
diagram. They determined this system over the whole
composition range by means of TA. The liquidus in
the composition range from 30 to 46 at. % Bi were
elaborately measured again by Wobst [43] using the
TA. The solubilities of Bi in (Mg) and the solidus of
(Mg)  were  measured  by  Foote  and  Jette  [28]  and
Vossk￼hler [44] using XRD analysis and resistometry,
respectively. The reported experimental data showed a
good agreement with each other, and were included in
the optimization.
Thermodynamic properties of the Mg-Bi solution
were measured by several groups [45-50]. Vetter and
Kubaschewski [45] and Prasad et al. [50] determined
the Gibbs energy of mixing of liquid, activities of Mg
in liquid and partial Gibbs energy at 1123 K and 973
K by means of the vapor pressure method. Using the
emf technique, Egan [46, 48] determined the activities
of  Mg  at  different  temperatures.  The  partial  Gibbs
energies of Mg were measured by Moser and Krohn
[49], Heus and Egan [47] and Egan [46] by means of
emf  technique.  Prasad  et  al.  [50]  extrapolated  the
experimental partial Gibbs energies of Mg [49] to a
more  wide  composition  range  by  using  the  Gibbs-
Duhem  function.  The  enthalpy  of  formation  for
Mg3Bi2 wasdetermined by several groups [38, 49, 51-
53]. All  these  data  were  considered  in  the  present
assessment.
Several  groups  of  authors  [4-8]  determined  the
short-range order behavior of the liquid phase in the
Mg-Bi  system.  According  to  the  results  for  the
enthalpy  of  mixing,  Kawakami  [4]  found  that  the
intermetallic  compounds  shared  similar  chemical
bonding  with  their  corresponding  melting  phase.
Cohen and Sak [5] and Faber [6] thought that this
might be due to the strong nonmetallic Mg-Bi bond.
Ilschner and Wagner [7] found that the molten alloys
of Mg-Bi showed a low value of conductivity and the
value  was  almost  0  at  the  Mg3Bi2 composition
according  to  the  electrical  conductivity
measurements. The results confirmed the existences
of  the  Mg-Bi  bond  and  the  bonds  reached  the
maximum  at  the  compound  composition.  Further
Weber et al. [8] confirmed this standpoint by means of
neutron diffraction and XRD. All these experimental
results  show  that  there  exists  a  shot-range  order
behavior in the liquid phase of the Mg-Bi system. The
Mg-Bi system was also reviewed by Nayeb-Hashemi
and Clark [54]. 
3. Thermodynamic model
3.1 Unary phase
The Gibbs energy functions of pure elements Mg,
Pb and Bi are taken from the SGTE compilation by
Dinsdale [55] and described by:
(1)
where        is the molar enthalpy of the element i
at 1 bar and 298.15 K in its standard element reference
(SER) state, and T is the absolute temperature. The
last  two  term  in  Eq.(4)  are  used  only  outside  the
ranges of stability, the term IT7 for a liquid below the
melting  point  and  JT-9 for  solid  phases  above  the
melting point.
3.2  Solid solution phases: Fcc_A1 and Hcp_A3
The  solid  solution  phases  are  described  by  the
substitutional  solution  model.  The  Gibbs  energy  is
described by Redlich-Kister (R-K) polynomial [56]:
(2)
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where A is Mg, B is Pb or Bi. ʦ represents the
Fcc_A1 and Hcp_A3.      ( i=A or B) is the molar
Gibbs energy of the pure element.      is the excess
Gibbs energy.       is the jth interaction parameter for
the solution phase ʦ. It is expressed as:
(4)
where       and      are variables to be evaluated from
the experimental data.
3.3 The liquid phase
Due to the short-range order behavior of the liquid
phase  in  both  Mg-Pb  and  Mg-Bi  systems,  the
associate model is used to describe the liquid phase
for these two systems. Meanwhile, the substitutional
solution  model  is  also  used  for  the  sake  of  model
compatibility  to  the  multi-component  Mg  alloy
thermodynamic database [17].
The molar Gibbs energy of substitutional solution
model for liquid phase is described with the analogous
equations (Eqs. 2 and 3). In the associate model, the
liquid phase is assumed to contain three species, (Mg,
Mg2Pb, Pb) for the Mg-Pb system and (Bi, Mg3Bi2,
Mg) for the Mg-Bi system. The molar Gibbs energy of
the liquid for the Mg-Pb system and the Mg-Bi system
is written as:
(5)
where yi is the mole fractions of each species in the
liquid phase and B represents Pb or Bi.         is the
hypothetical  formation  Gibbs  energy  for  the
compound  Mg2Pb  and  Mg3Bi2 in  the  liquid  phase,
which is described in Eq. 6. The coefficients a and b
are to be evaluated in the present work.      is the
excess Gibbs energy, expressed in Eq.7.
(6)
(7)
where                             is the jth interaction
parameter of the liquid phase. 
3.4 Intermetallic phases
The  Mg2Pb  phase  is  modeled  as  stoichiometric
phase in view of the negligible homogeneities. Since
the experimental data on the enthalpy increments of
Mg2Pb in a wide temperature range are available [19,
33, 37], it is preferable to express its Gibbs energy
relative to the SER state. The Gibbs energy of Mg2Pb
is given by the following expression:
(8)
where  a,  c,  d,  e is  relative  to  the  enthalpy
increments and the formation enthalpy of Mg2Pb.
The Mg3Bi2 phase has two forms: ʱ phase (low
temperature  form,  La2O3 proto-type,  P3m1space
group) [57] and β phase (high temperature form, Ag2S
proto-type,          space group) [58]. According to the
reported experimental data [42], both ʱ-Mg3Bi2 and β-
Mg3Bi2 have a narrow homogeneity range. Therefore,
in the present work they are both described using the
sublattice model (Bi, Va)0.4Mg0.6. The Gibbs energy of
Mg3Bi2 phases can be expressed as:
(9)
where       and      are the site fractions of Bi and
Va  in  the  first  sublattice,  respectively.              is  the
interaction  parameters  between  Bi  and  vacancy.
and            are the Gibbs energy of formation
of the end-members. They are given by the following
equations: 
(10-a)
(10-b)
A, B, A0, B0 are the parameters to be optimized.
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Table 2. Summary of the thermodynamic parameters in the Mg-Pb and Mg-Bi systems
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Table continued on next page4. Results and discussion
The  assessment  was  carried  out  by  using  the
PARRAOT module of Thermo-Calc [59] which works
by minimizing the square sum of the errors. The step-
by-step optimization procedure [60] was utilized in
the  present  assessment.  In  the  optimization,  each
piece of experimental information was given a certain
weight based on uncertainties of the data. The present
work is a continuing effort of our previous attempts
[61-62]  to  establish  a  thermodynamic  database  for
multicomponent Al alloys.
The optimization starts with the thermodynamic
properties for the liquid phase, including the activities
and mixing enthalpies. Then, the parameters for the
solid  solution  phases  (Mg-hcp,  Pb-fcc)  were
optimized by using the experimental solubilities data
[22, 23, 25, 28, 29, 41, 44]. Next, the parameters for
the  Mg2Pb  and  Mg3Bi2 phases  were  evaluated  by
using  the  enthalpy  increments  [19,  33,  37],  the
formation enthalpy [8, 25, 33, 38-40, 49, 51, 52] and
the phase diagram data [42].
Finally,  all  the  parameters  were  optimized
simultaneously based on the experimental data to get
two  sets  of  self–consistent  thermodynamic
parameters. The finally obtained parameters for the
Mg–Pb and Mg–Bi binary systems are listed in Table
2. The calculated invariant equilibria in the Mg-Pb
and Mg-Bi systems along with the experimental data
are summarized in Table 3.
4.1 The Mg-Pb system
Figure  1  shows  the  calculated  Mg-Pb  phase
diagrams using both the substitutional solution model
and the associate model for the liquid phase. It can be
seen that the calculated phase diagram can reproduce
well  the  experimental  data  [20-29].  The  calculated
compositions  and  temperatures  for  the  invariant
reactions in Table 3 show that the calculation using
the associate model can agree more reasonable with
the measured data than that using the substitutional
solution  model.  During  the  assessment  using  the
substitutional solution model, the attempt to use more
parameters  resulted  in  little  improvement  in  the
calculated compositions. It indicates that the associate
model is more reasonable to handle this system than
the substitutional model. 
Table 3.Calculated invariant equilibria in the Mg-Pb and
Mg-Bi systems compared with experimental data
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Set1 indicated the substitutional solution model and Set 2 indicated the associate mode
Systems Reaction Compositions T/K Reference
M
g
-
P
b
 
s
y
s
t
e
m
at.% Pb
L
i
q
u
i
d
=
M
g
2
P
b
33.33 33.33 822.65ﾱ1 [39]
35 35 822.15ﾱ0.3 [26]
33.33 33.33 823.15ﾱ3 [25]
33.33 33.33 823.15 [37]
33.33 33.33 823.15 [21]
33.33 33.33 824.1
This work
(Set 1)
33.33 33.33 823.4
This work
(Set 2)
L
i
q
u
i
d
=
M
g
2
P
b
+
(
M
g
)
19.1 33.33 7.75 739.35 [26]
— 33.33 7.8 739.15ﾱ1 [25]
— 33.33 7.14 739.15 [28]
19.1 33.33 9.75 738.15 [23]
19.1 33.33 9.1 739.15 [22]
20 33.33 — 748.15 [21]
19.2 33.33 — 732.15 [20]
16.51 33.33 8.71 732
This work
(Set 1)
19.29 33.33 7.41 737.05
This work
(Set 2)
L
i
q
u
i
d
=
M
g
2
P
b
+
(
P
b
)
83.5 33.33 94.7 521.15ﾱ1 [27]
83 33.33 — 521.85 [26]
— 33.33 94.1 525.15ﾱ2 [25]
84.3 33.33 100 526.15 [21]
79.15 33.33 100 520.15 [20]
80.7 33.33 94.66 517.29
This work
(Set 1)
82.65 33.33 94.63 520.22
This work
(Set 2)
Table continued on next pageFigure  2  presents  the  calculated  enthalpies  of
mixing for liquid at 822, 943, 1033 and 1223 K along
with the experimental data [32, 33]. The calculated
activity of Mg in the liquid phase at 923 K compared
with the experimental data [30-32, 34-36] is shown in
Figure 3. From the two figures, we can see that the
calculated  values  using  the  associate  model  agree
better with the experimental data than those using the
subst-itutional solution model. Figure 4 presents the
comparison  between  the  calculated  enthalpy  of
formation of Mg2Pb using the two models at 298.15 K
and the experimental data available in the literature
[25, 33, 38-40]. The calculated values using the two
models are almost the same (-17.88 kJ/mol-atoms for
the substitutional solution model and -17.89 kJ/mol-
atoms  for  the  associate  model)  and  they  can  both
reasonably reproduce the available experimental data.
The calculated heat of fusion for the Mg2Pb phase is
15.22 kJ/mol-atoms with the associate model closer
than  16.69  kJ/mol-atoms  with  the  substitutional
solution model to the data reported by Eldridge et al.
[32]  (14.33  kJ/mol-atoms)  and  Sommer  et  al.  [33]
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M
g
-
B
i
 
s
y
s
t
e
m
at.% Bi
L
i
q
u
i
d
=
β
-
M
g
3
B
i
2
40 40 988.15 [41]
40 40 1096.15 [42]
40 40 1094.15 [43]
40 40 1090.15 This work
(Set 1)
40 40 1093.82 This work
(Set 2)
L
i
q
u
i
d
=
ʱ
-
M
g
3
B
i
2
+
(
M
g
) 17.76 40 0 825.15 [41]
14.3 35 1.5 825.15ﾱ2 [42]
——— 826.15 [43]
11.63 36.45 1.17 830.76 This work
(Set 1)
12.83 34.54 1.06 823.28 This work
(Set 2)
L
i
q
u
i
d
=
ʱ
-
M
g
3
B
i
2
+
B
i
~100 40 ~100 541.15 [41]
95.7 40 ~100 533.15ﾱ2 [42]
95.87 40 100 537.38 This work
(Set 1)
95.8 40 100 532.87 This work
(Set 2)
β
-
M
g
3
B
i
2
=
ʱ
-
M
g
3
B
i
2
+
L
i
q
u
i
d 38.7 39.3 31.5 959.15 [42]
38.7 ~39.3 31.5 961.15 [43]
37.72 39.47 31.13 957.3 This work
(Set 1)
38.81 39.07 32.05 961.64 This work
(Set 2)
β
-
M
g
3
B
i
2
=
ʱ
-
M
g
3
B
i
2 40 40 973.15 [42]
40 40 976.15 [43]
40 40 967.05 This work
(Set 1)
40 40 971.37 This work
(Set 2)
Figure 1. Calculated Mg-Pb phase diagram using both the
substitutional solution model (dashed line) and
the  associate  model  (solid  line)  along  with
experimental data [20-29].
Figure 2. Calculated  enthalpies  of  mixing  of  the  Mg-Pb
system for liquid at 822, 943, 1033 and 1223 K
using  both  the  substitutional  solution  model
(dashed line) and the associate model (solid line)
with  the  experimental  data  [32,  33].  The
reference states are liquid Mg and liquid Pb.(13.4  kJ/mol-atoms).  In  Figure  5,  the  calculated
enthalpy  increment  for  the  compound  Mg2Pb  is
compared with the experimental data [19, 33, 37]. It
again indicates that the description with the associate
model  is  better  than  that  with  the  substitutional
solution model, especially in the liquid region. 
4.2 The Mg-Bi system
Table  4  lists  the  comparison  of  parameters
between this work and Niu et al. [13]. Less parameters
of the liquid phase in both models are used in the
present work. Mor- eover, the term cTlnT for the ʱ-
Mg3Bi2 in  the  previous  assessment  [10,  13]  is  not
utilized in the present work. 
The calculated Mg-Bi phase diagrams using the
substitutional solution model and the associate model
along  with  the  experimental  data  [28,  41-44]  are
shown in Fig.6.
Table 4. Parameters number of this work and Niu et al.
[13] in the Mg-Bi system
As can be seen from Figure 6, the phase diagram
using the substitutional solution model can reproduce
the experimental data well from 0 to 45 at.% Bi, but
not well in the Bi-rich side though the parameters for
the liquid phase approach to the 3rd order. However,
the  associate  model  can  reproduce  all  the
experimental  data  [28,  41-44]  excellently  over  the
whole  composition  range.  Similarly,  the  calculated
compositions  and  temperatures  for  the  invariant
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Figure 3. Calculated activity of Mg in liquid at 923 K for
the Mg-Pb system using both the substitutional
solution (dashed line) model and the associate
model (solid line) with the experimental data [30-
32, 34-36]. The reference state is liquid Mg.
Figure 4. Calculated enthalpies of formation at 298.15 K
for  the  Mg-Pb  system  using  both  the
substitutional solution model and the associate
model, compared with the experimental data [25,
33, 38-40]. The reference states are Hcp Mg and
Fcc Pb.
Figure 5. Calculated H(T)-H(298K) for Mg2Pb phase using
both  the  substitutional  solution  model  (dashed
line) and the associate model (solid line) with the
experimental data [19, 33, 37].
This work  Niu et al. [13]
with the
associate model
substitutional
model
associate
model
Liquid 6711
Hcp_A3 222
ʱ-Mg3Bi2: 7411
β-Mg3Bi2 567reactions listed in Table 3 show that the calculation
with the associate model agrees more reasonable with
the  measured  data  than  that  with  the  substitutional
solution model. It indicates that the associate model
has advantages to describe such liquidus.
Figure 7 shows the calculated activities of Mg in
the liquid phase with the experimental data [45, 46,
48, 50] at 1108 K. The experimental data from 40 to
60  at.%  Mg  could  not  be  described  well  by  the
substitutional solution model. However, the associate
model  could  reproduce  the  experimental  data
reasonably over the whole composition range. Figure
8 shows the calculated partial Gibbs energy of Mg in
the  liquid  phase  with  the  literature  data  [47-50]  at
1123 K. Both the associate model and substitutional
solution  models  could  reproduce  well  with  the
reported  experimental  data.  Figure  9  presents  the
calculated Gibbs energy of mixing for the liquid phase
at 1123 K compared with the experimental data [45,
50]. It can be seen that a better agreement between the
calculated  results  and  experimental  data  lies  in  the
associate  model  than  the  substitutional  solution
model. Figure 10 shows the comparison between the
calculated enthalpy of formation for the Mg3Bi2 phase
at  298.15  K  using  both  substitutional  solution  and
associate models along with the experimental data [8,
38, 49, 51, 52]. Similar results were obtained using
both the models.
Figures 11 and 12 illustrate the fractions of the
species  in  the  liquid  phase  with  the  function  of
composition at different temperatures for the Mg-Pb
and Mg-Bi systems which show the short-range order
behavior in the liquid phase. The highest site fractions
of  Mg2Pb  and  Mg3Bi2 species  are  around  the
composition of 33 at.% Pb and 40 at.% Bi which is
reasonable  for  describing  the  experimental
phenomena.  With  the  increasing  temperature,  as
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Figure 6. Calculated Mg-Bi phase diagram using both the
substitutional solution model (dashed line) and
the  associate  model  (solid  line)  along  with
experimental data [28, 41-44].
Figure 7. Calculated activity of Mg in liquid at 1108 K for
the Mg-Bi system using both the substitutional
solution (dashed line) model and the associate
model (solid line) with the experimental data [45,
46, 48, 50]. The reference state is liquid Mg.
Figure 8. Calculated partial Gibbs energy of Mg in liquid
at 1123 K for the Mg-Bi system using both the
substitutional solution model (dashed line) and
the  associate  model  (solid  line)  with  the
experimental data [47-50]. The reference states
are liquid Mg and liquid Bi. The experimental
data  [49]  were  extrapolated  by  Prasad  [50]
according to the experimental data.expected,  the  site  fractions  of  Mg2Pb  and  Mg3Bi2
species are decreasing due to the decomposition of
chemical bond.
5. Summary
A  critical  assessment  was  carried  out  for  the
experimental phase diagram and thermodynamic data
in the Mg-Pb and Mg-Bi systems.
The Mg-Pb and Mg-Bi systems were modeled by
means of the CALPHAD approach. The substitutional
model and associate model were used to describe the
liquid phase in the Mg-Pb and Mg-Bi systems. 
For  the  binary  system  with  the  nonsymmetrical
F. Zhang et al. / JMM  50 (2) B (2014) 115 - 126  124
Figure 9. Calculated Gibbs energy of mixing of the Mg-Bi
system  at  975  K  using  both  the  substitutional
solution model (dashed line) and the associate
model (solid line) with the experimental data [45,
50]. The reference states are liquid Mg and liquid
Bi. And 
Figure 11. Fractions of the species in the liquid phase of
the Mg-Pb system at 923 and 1123 K
Figure 12. Fractions of the species in the liquid phase of
the Mg-Bi system at 1223 and 1500 K.
Figure 10. Calculated enthalpies of formation at 298.15 K
for  the  Mg-Bi  system  using  both  the
substitutional solution model (dashed line) and
the associate model (solid line), compared with
the  experimental  data  [38,  49,  51-53].  The
reference states are Hcp Mg and Rho Bi.liquidus  and  the  short-range  order  behavior  in  the
liquid  phase,  an  associated  model  can  describe  the
phase  transitions  more  accurately  than  the
substitutional solution model. 
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